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A SIMULATION INVESTIGATION OF THE LOADS EXPERIENCED
BY A PILOTED LAUNCH VEHICLE

By Robert K. Sleeper
Langley Research Center

SUMMARY

The loads incurred during first-stage piloted flight of a Saturn V type of launch
vehicle encountering measured winds have been examined in a fixed-base planar simula-
tion study. The study utilized nonlinear equations of motion with time-varying coeffi-
cients and included propellant sloshing dynamics and vehicle flexibility. Three forms of
stability augmentation were provided the pilot and the resulting loads from each control
mode were compared with the loads developed during control with an attitude-attitude-
rate autopilot. The pilot was able to keep the load below that of the reference non-load-
relieving autopilot except when rate augmentation was absent. Without rate augmentation,
a significant increase in load was incurred.

INTRODUCTION

Astronauts have guided space vehicles in space and during reentry. The value of
the pilot's participation during these flight phases has been well demonstrated. Their
success has raised the question as to whether the pilot's influence might be extended into
the launch phase where only automatic control systems have been used. The use of a
pilot in an override capacity in the control loop would provide system redundancy and
thereby increase the mission reliability. Also, complete pilot control may be advanta-
geous on future reusable launch vehicles.

To illustrate what a pilot in an override capacity may contribute to mission success,
the study of reference 1 examined the mission experience of a manned X~15 airplane which
has a control task similar to that of a launch vehicle. In reference 1, a comparison of the
actual flights was made with hypothetical flights of an automatically controlled X-15 air-
plane without control system redundancies. The results showed that, although no actual
piloted X-15 flights were lost due to control system failures, 15 of the first 47 flights
would have resulted in the loss of the hypothetical automatically controlled vehicle.

The feasibility of using a pilot to control a large launch vehicle was first demon-
strated in the ground-based simulation studies reported in reference 2, Centrifuge
investigations were also performed in this study and showed that axial accelerations



which arise during launch do not deteriorate the pilot performance as determined on a
fixed-base simulation. Presented in reference 3 are the results of simulations and sta-
bility studies using the characteristics of a launch vehicle with a Dynasoar type of pay-
load. This study concluded that a pilot can best be used in a back-up capacity. An
extensive study with the same configuration was performed in reference 4 and suggested
that pilot control may be preferable to automatic control. A simulation study using the
properties of the Saturn V vehicle (ref. 5) presented similar conclusions.

These previous studies have emphasized the stability and control aspects of pilot
control of launch vehicles, although some load information has been presented. The
objective of the present simulation was to determine the effects of pilot control on the
loads experienced by a Saturn V type of launch vehicle ascending through winds. The
vehicle was simulated throughout first-stage flight by using planar, nonlinear equations-
of-motion with time-~varying coefficients. Vehicle dynamics were represented by rigid-
body, flexible-body, and fuel-sloshing degrees of freedom. Each simulated flight was
made through a wind disturbance randomly selected from one synthetic and five measured
wind profiles. Pilots guided the vehicle along a specific pitch-attitude program and
attempted to minimize lateral accelerations while observing a display consisting of
lateral acceleration and attitude. Control of the vehicle was accomplished at three levels
of augmentation — full stability augmentation, rate augmentation, and no augmentation.
The loads generated for simulated flights at each level of augmentation are compared
with the loads produced when the vehicle was flown through the same wind but controlled

by a non-load-relieving autopilot.
SYMBOLS
Measurements for this investigation were taken in the U.S. Customary System of
Units. Equivalent values are indicated herein in the International System (SI) in the

interest of promoting the use of this system in future NASA reports.

rigid-body acceleration normal to vehicle at accelerometer location x,,

an
f’c/sec2 (m/secz)
ap vehicle attitude gain as a function of time
ap vehicle attitude-rate gain as a function of time, sec
Ca axial-aerodynamic-force coefficient as a function of Mach number



bending-moment coefficient associated with normal rigid-body acceleration
of vehicle, ft-1b/tt/sec? (m-N/m/sec?)

bending-moment coefficient associated with rotational rigid-body accelera-
tion of vehicle as a function of time, ft-lb-sec2 (m-N-sec2

bending-moment coefficient associated with flexible-body modal accelera-
tion of vehicle, 1b- sec2 (N-secz)

bending-moment coefficient associated with aerodynamic angle of attack,
ft-1b (m-N)

aerodynamic-moment coefficient about vehicle center of mass associated
with angle of attack, ft-1b (m-N)

aerodynamic-moment coefficient about vehicle center of mass associated
with rate of rotation of vehicle, ft-lb-sec (m-N-sec)

distributed normal-aerodynamic-force coefficients located at discrete
locations xj associated with local angle of attack as a function of Mach
number

vehicle axial-aerodynamic force, lb (N)

total normal aerodynamic-force coefficient associated with angle of attack,
Ib (N)

total normal aerodynamic-force coefficient associated with vehicle rota-
tional rate, lb-sec (N-sec)

total generalized aerodynamic-force coefficient acting in bending mode due
to angle of attack, 1b (N)

. ! w
engine frequency, -2—7-?, cps (Hz)

acceleration of gravity, ft/sec? (m/secz)



vehicle structural modal damping factor
altitude, ft (m)

moment of inertia of vehicle, less engines, about vehicle center of mass
as a function of time, slug—ft2 (kg-mz)

equivalent moment of inertia of gimbaled engines about their gimbal point,
slug-ft2 (kg-_-mz)

summing index

reciprocal of linearized engine lag, sec-1

Mach number

bending moment at a point along the vehicle, ft-1b (m-N)
vehicle m;.ss, less engine mass, slugs (kg)

equivalent mass of gimbaled engines, slugs (kg)
generalized mass of bending mode, slugs (kg)
propellant sloshing masses as functions of time, slugs (kg)
filtered Gaussian noise, ft/sec (m/sec)

generalized coordinate of bending mode, ft (m)
aerodynamic-load reference area, 855.3 £t2 (79.5m2)
Laplace transform complex variable, sec~1

total thrust of engines, b (N)

time, sec

vehicle velocity, ft/sec (m/sec)
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vehicle velocity relative to wind, ft/sec (m/sec)
wind velocity (horizontal) as a function of altitude, ft/sec (m/sec)

component of center-of-gravity velocity vector along X-axis, ft/sec
(m/sec)

component of center-of-gravity velocity vector along Y-axis, ft/sec
(m/sec)

body-fixed longitudinal-coordinatz with origin at engine gimbal, ft (m)

locations of sloshing mass along vehicle longitudinal axis as a function of
time, ft (m)

location of accelerometer along vehicle longitudinal axis, ft (m)
longitudinal position where bending moment is computed, ft (m)
longitudinal position of vehicle center of mass as a function of time, ft (m)
distance of engine center of mass from engine gimbal, ft (m)

longitudinal positions of concentrated normal aerodynamic forces, ft (m)
body-fixed coordinate normal to undeformed vehicle center line, ft (m)
rigid-body angle of attack, rad

wind-induced rigid-body angle of attack, rad

gimbaled engine deflection angle relative to deflected vehicle center
line, rad

command gimbaled engine deflection angle, rad
piloted roll command, rad

viscous damping ratios of sloshing mass motion
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Ay

p(h)

viscous damping ratio of engine motion
viscous damping ratio of rigid-body pitch mode
vehicle attitude relative to horizontal, rad
vehicle attitude command, rad

vehicle attitude error, rad

roll variable, rad

prbpellant- slosh coordinates measured from deflected vehicle center
line, ft (m)

atmospheric density as a function of altitude, slugs/ft3 (kg/m3)

modal deflection of vehicle center line normalized to unity at gimbal
point, x=0

modal deflection at sloshing mass position xy and xg, respectively,
as a function of time

modal deflection (normalized to unity) at gimbal point, x =10
modal deflection at normal aerodynamic force location x;

modal deflection at attitude gyro position as a function of time
modal deflection at attitude rate gyro position as a function of time
transfer-function frequency, rad/sec

circular frequency of engine, rad/sec

rigid-body pitch frequency, rad/sec



w uncoupled natural frequency of bending mode as a function of time,
rad/sec

wy,wg uncoupled natural sloshing frequencies, rad/sec

A dot over a variable indicates differentiation with respect to time.

A prime with a variable indicates the slope of the variable with respect to the
longitudinal coordinate x.

DESCRIPTION OF SIMULATION

This study was conducted with a simulator composed of a cockpit coupled with two
conventional analog computers. The cockpit contained both a display, which presented
vehicle normal acceleration and attitude to the pilot, and a pencil type of two-axis con-
troller. During the 150.45-second simulation, the pilot controlled the vehicle with one of
three levels of control-system augmentation as it ascended through winds. The vehicle
loads resulting from flights using each of these control modes were compared with loads
produced during autopilot control. Although the dynamic equations were valid for the
pitch plane only, the pilot was also required to control a roll disturbance continuously.
This control task was required to give the pilot 2 more realistic work load. The pilots'
objective was to minimize loads in the high dynamic-pressure region as well as to achieve
minimum attitude error at first-stage burnout.

The simulation featured characteristics of a large launch vehicle similar to the
Saturn V as its mathematical model. Flexibility and sloshing dynamics were incorporated
into nonlinear equations of motion with time-varying coefficients and Mach number depend-
ent aerodynamics., Arbitrarily selected wind profiles were used to disturb the vehicle
during the simulated flights.

Description of Cockpit

Display.- The cockpit display shown in figure 1 consisted of an attitude indicator,
an acceleration indicator (rate meter), a time indicator, and indicator lights.

At the lower right of the display, the all-attitude indicator, which is capable of dis-
playing seven variables, is shown; however, only three of its presentations were required
in the present study. The current attitude of the vehicle was displayed on the rotating
sphere by a fixed pointer and the programed attitude was superimposed on the sphere to
the same scale by the translating flight-director needle. Any error was presented as the
distance between the needle and the fixed reference. Thus, a pursuit type of display was
presented to the pilot who was required to null or superimpose the flight-director needle



Time indicator

Al attitude indicator

indicator lights

Rate meter

Controller

Figure 1.- Simulator cockpit. 1-64-11524.1

on the fixed attitude reference for attitude control. This presentation was used to nego-
tiate pitchover and aline the vehicle preparatory to encountering the high load region.
After passing through the high dynamic-pressure region, it was used to arrest attitude
excursions in preparation for burnout.

Because the analysis was conducted only in the pitch plane, a roll task was included
in the simulation to provide a more realistic work load for the pilot. This roll disturb-
ance was presented to the pilot by rotation of the sphere in the all-attitude indicator. It
consisted of a disturbed, linear, second-order, damped oscillatory system with constant
coefficients which the pilot was required to null continuously. The disturbance supplied
was proportional to the wind velocity; however, to disguise the wind in the response dis-
played to the pilot, fluctuations in the wind velocity were added to the roll disturbance in
the form of filtered Gaussian noise. The basic equation to be zeroed was

0 + 1.8860 + 1.5799 = 1.5283 + K(V,, + N)



where 0 is the piloted roll command, K is a suitable gain, and N is the filtered
Gaussian noise. This relation presented to the pilot a 0.7 critically damped oscillatory
system with a natural frequency of 0.2 cps (0.2 Hz). The noise, which was generated at
frequencies up to 32 cps (32 Hz) by a Gaussian noise generator, was filtered by the
expression 1/(0.25s + 1).

The predominant contributor to the bending moment is the aerodynamic load which
results when the vehicle develops an angle of attack. An instrument to measure this
quantity is complex; however, from theoretical considerations, an accelerometer may be
made to approximate an angle-of-attack sensor when the accelerometer is located at the
instantaneous center of rotation. This center of rotation is defined as the longitudinal
position about which the vehicle rotates due to the control force in the absence of aero-
dynamic forces. This arrangement was recommended in reference 4. Thus, an ideal
accelerometer, indicating rigid-body acceleration, was used to display loads information
to the pilot. The right-hand needle of the meter shown at the lower left (fig. 1) was used
for this presentation. Its motion was vertical and indicated the normal acceleration being
developed. A full-scale reading corresponded to 0.3g.

The approximate transfer functions of the indicators are included in appendix A.

The upper meter shown in the display was used to present elapsed time to the pilot.
Events of start, pitchover, approximate maximum dynamic pressure, and burnout were
designated along the scale to enable the pilots to anticipate significant phases of the flight.
In addition, lights were used to supplement the time indicator by indicating time for pitch-
over, the high dynamic-pressure region (45 to 94 sec), and burnout.

Controller.- The pilot controlled a linear pencil type of controller (shown in fig. 1)
which had a small dead band to facilitate centering via an indicator. Other characteris-
tics of the controller are presented in appendix A.

Equations of Motion

Continuous equations of motion, simplified from equations developed in reference 6,
were used in the simulation and are presented in this section. These planar equations
used body-fixed coordinates to simplify expressions for fuel sloshing and flexible-body
motion relative to the vehicle. In addition, the engine dynamics were assumed to be
described by a linear transfer function, and the vehicle was acted upon by aerodynamic
forceés which were functions of Mach number. Also included in this section are the
bending-moment equation and the rigid-body-acceleration equation used to display the
load information to the pilot. A sketch of the coordinate system is shown in figure 2.
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Figure 2.- Coordinate system.

Rigid-body motion.- The simplified nonlinear rigid-body motion equations used in

the simulation are as follows:

Axial equation —

. . . 1

Vy = 0Vy - g sin 0 + (T - Fp)
Normal equation —

\f

y = -0Vx —gcos9+—[ (¢>q 086)+C1\Ia(oz+ozw)+CN-9-m17\1-m2)\2 mxé]

’

Pitching equation —

b = t['rxcg@_aa - ¢>'gq) - Tq + Cm,a(OH' aw) + Cm’éé - ml(x1 - xcg)'il - m2<x2 - xcg)'?.\z

Vx(ml)\l + mz)\z) (I + mexexcg)"
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where the symbols q, 6, Ay, and XAy are associated with the flexibility, engine deflec-
tion, and the two sloshing coordinates, respectively. Engine inertia terms have been
included to simulate more closely the control behavior. The factor 0.8 appears in the
normal and pitching equations since only 80 percent of the thrust was available for control.

Flexible-body motion.- The flexible-body motion of the vehicle was represented by
a free-free bending mode of oscillation which included small viscous structural damping
and time-varying effects attributed to propellant ullage. Its motion was governed by the
following equation:

<'('1+ wngd + wgq) = mL[’I‘qbg((pgq 0. 86) +Cq, (a + aw) - pymyiy

-qbzm)\ +( qb'—mxd)g}]

e e

Propellant sloshing motion.- Two linear spring-mass systems with small viscous
damping were used to represent the motion of the sloshing fuel and oxidizer. These
equations are

e

- (Vy + Vg + g cos 9) + <x1 - xcg) 6 + ¢14

oo . 2
()\1 + Zwlcl)\l + (.017\1)

-

- &y+éVX+gcos 9) + (xz - Xcg) 6 + Ppgd

e . 2

To account for propellant ullage, the fixed propellant mass and sloshing mass and their
locations varied with time. In addition, the sloshing frequencies were assumed to be
functions of time and axial acceleration.

Engine dynamics.- All the gimbaling engines were dynamically represented by a
single third-order differential equation, composed of oscillatory and lag responses as
follows

" 2\. 2 2
5+ (K, +28,0e)5 + (ZKTCewe + we)a + K wg =K w6,
Aerodynamic forces.- In addition to disturbances imposed by the engines, the vehi-
cle was influenced by an aerodynamic loading. These loads consisted of forces and
moments which are represented by four concentrated normal aerodynamic loads located
along the vehicle and were chosen to represent the total aerodynamic normal force and

pitching moment about the center of gravity of the vehicle. The normal loads were
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expressed by Mach number-dependent aerodynamic coefficients, Cy.j» Which were linear
with the local angle of attack.

The total aerodynamic-load coefficients associated with the rigid-body angle of
attack were expressed in terms of the concentrated aerodynamic coefficients by the fol-
lowing equations: '

Rigid-body aerodynamic force and moment —

CN,a = 2mew o Z CnN,i
i=1

_1 2
Cm,a = EPVm,WSo Z cN,i(xi "Xcg)
i=1
Flexible-body aerodynamic force —

4

2
me,WSO Z CN,iqbi
i=1

Cq,a=

DN | =

where the mode shape was assumed to be constant at its value near the time of maximum
dynamic pressure. Also quasi-steady aerodynamic effects due to 6 which varied with
Mach number were included in the rigid-body loads. These expressions for the total
rigid-body load coefficient associated with the vehicle rate of rotation are

Cy6 = —Eme wSo Zl Cy xcg)
iz

1 2
Cm,6 = 3P Vm,wS Z O, il - Xcg)
i=1

The axial force is given by

The axial force varied with Mach number but was assumed to be independent of angle of
attack.

The bending-moment coefficient due to the aerodynamic force which was used in the
computation of the bending moment presented in a subsequent section is given by

12



i
7

_1 2
Cb,a = 'z'pvm,wso ZCN,i( i~ Xb,n)
i

where only the loads forward of the point of interest (xb n) are considered.

’

Variations in atmospheric density p and sonic velocity with altitude were pro-
gramed into the simulation.

Normal acceleration.- The equation for the normal acceleration is

an = (Vy +6Vy + g COS 9) + (xa - xcg)é'

In order to produce a signal proportional to the angle of attack, the accelerometer was
located near the instantaneous center of rotation of the vehicle. In addition, flights were
made with a forward sensor location which indicated the effect of this position on the
loads.

Bending moment.- The bending moment was computed at one location along the

vehicle. Its position was chosen forward of the sloshing propellant tanks in the region
where the bending moment was large. The equation has been expressed in terms of the
aerodynamic loading and the resulting vehicle lateral acceleration forward of the point of
interest. The equation for the bending moment used is

My p = Cb,l(vy + 6V, + g Cos 9) +Cp g - 0 + Cp, 34 + Cp g - (a+ aw)

Because the mass forward of the propellant tanks does not change, the coefficient Cb,l
associated with the rigid-body lateral acceleration was constant and the coefficient Cb,2
associated with the rigid-body rotational acceleration was a function of the time-varying
center of gravity. In addition, the coefficient Cb,3 associated with the flexible-body
modal acceleration was assumed constant, that is, the mode shape was fixed at the time
that maximum dynamic pressure occurred. The aerodynamic coefficient Cb, o associ-
ated with the angle of attack was a function of Mach number and dynamic pressure.

Description of Control Systems

The four control configurations used in the simulation consisted of the automatic
control system and three piloted control modes: (1) stability augmented, (2) rate aug-
mented, and (3) no augmentation. The automatic control system was used to provide a
standard of reference for comparison with the piloted responses. It also supplied the
augmentation for the piloted control modes since these modes were established by
deleting, in turn, the pitch-program command, the attitude feedback, and the attitude-rate
feedback.

13



Automatic control system.' - An attitude-attitude-rate autopilot with ideal sensors
was assumed for the automatic control system. A schematic of the control system is
shown in figure 3(a); the control equation is

e = _ap(G - GC + (%q) - ar(é + Qbf'd)

where control gains ap and a, were assumed to be linear functions of time. Control
gains alone could not stabilize the flexible vehicle and a lag filter was required in the

forward loop.

Stability-augmented control mode.- In the stability~augmented control mode
(fig. 3(b)) the pilot utilized all the autopilot feedback and merely replaced a summing
device. His task was to maintain the pitch-attitude time history which was displayed to
him as an attitude error. However, in order to permit controller commands about its
center, an integrator was required in the controller circuitry and introduced some lag

into the system.

Rate-augmented control mode.- As illustrated in figure 3(c), the rate-augmented
control mode was the same as the stability-augmented mode except the integrator was
removed from the controller and only the attitude-rate was retained in the feedback,
making the system statically (aerodynamically) unstable.

No-augmentation control mode.- In the control mode with no augmentation, as shown
in figure 3(d), the remaining rate augmentation (and all structural feedback) was removed
from the control system, thereby making the vehicle more unstable. In general, the pilot
did not want a filter in the control system because of the lag it introduces; however, such
a filter reduces the high-frequency content of the pilot's command signal and was retained

in this mode.

14
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Vehicle Characteristics

The launch-vehicle configuration used for this investigation is shown in figure 4.
Its properties were similar to those of the Saturn V vehicle. It had a 1.25 thrust-to-
weight ratio at lift-off with thrust provided
by four controllable gimbaling engines plus Sta. 315

one fixed engine the thrust of which termi-
nated automatically 6 seconds prior to
burnout of the gimbaling engines. Each 1 Sto. 272 Attitude sensor
engine developed 1.5 X 106 1b

(6.68 x 106 N) of thrust at sea level and
the thrust increased with altitude. The ] Sta. 231
vehicle experienced a maximum dynamic
pressure of 670 psf (32 100 N/m2) near
the middle of its first-stage flight and
attained an approximate velocity of

7500 fps (2290 m/s) at an altitude of

237 000 ft (72 300 m) at first-stage
burnout.

Sta. 201 Attitude rate sensor

315 ft (96 m)

Sta. 137 Accelerometer

v Sta. 120 Bending moment
Y _

Vehicle description.- The basic 33 ft.dia (l0.] m)
properties of the simulated vehicle are
given in appendix B, and the vehicle ST
moment of inertia is presented in figure 5
as a function of time.

The normalized free-free bending . o Gimbol plane
Q. imba

mode, representing the flexible-body
motion, is given in figure 6 for three flight Figure 4.- Simulation vehicle configuration.
times, The structural damping factor 8q

was assumed to be 0.01 and the first bending-mode frequency when all the degrees of
freedom were coupled together, was nearly constant at 1.2 cps (1.2 Hz).

The sloshing dynamics included viscous-damping ratios (CI,CZ) of 0.005 and initial
sloshing masses of 12 400 and 8800 slugs (181 000 and 128 000 kg) for the forward and aft
tanks, respectively. The coupled sloshing frequencies were near 0.4 cps (0.4 Hz) from
both tanks during much of the flight.

The third-order engine representation contained a 0.05-second lag (KT =20 sec'l)
and an oscillatory frequency fo of 8.14 cps (8.14 Hz) with 0.02 critical damping.

The accelerometer position corresponding to the instantaneous center of rotation of
the vehicle was located at station 137. Additional flights were conducted with the accel-
erometer located at station 231.

17



18

Normatized modol defiection, ¢

Vehicle moment of inertiaabout cg, Icg Jslug-ft2

700

600

500

400

108

-600

~800x10°®

Vehicle moment of inertia about cg, Icg y kg'm2

300 <4400
200
—200
100F
1 L [ 1 i 1 I S 1 Jdo
o] 20 40 60 80 100 120 140 160
Time, sec
Figure 5.- Vehicle moment of inertia.
10
r Launch
—— Maximum dynomic pressure
—— ——  Burnout
sl
6
4+
2 -
P
=
S — —_
= -
2L
L L ! 1 t L 1 [} 1
[¢] 40 80 120 160 200 240 280 320

Station

Figure 6.- Mode shapes for three flight times.

360




ki

Aerodynamic properties.- The Mach number variation of the concentrated aero-

dynamic normal-force coefficients CN i which were used to compute the aerodynamic -
b

load, and of the axial-force coefficient Cp, are presented in figures 7 and 8. These

% I ——

Aerodynamic coefficient, per radian

Mach number, M

Figure 7.- Variation of concentrated aerodynamic normal-force coefficients with Mach number.

Axial+force coefficient, Cp

0 | 2 3 4 5 6 7 8

Mach number, M

Figure 8.- Variation of axial-force coefficient with Mach number.
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coefficients are based on a reference area of 855.3 sq ft (79.5 m2) and are for a Saturn V
type of vehicle. The concentrated normal-force coefficients were also used to derive the
aerodynamic bending-moment coefficient, shown in figure 9, for use in the computation of

Cb, o
300r
90
280
260 80
- £
= 240 -
> =
L o
= Jio %
= =
S 220 ’Z—_
N (&)
W._
200k
460
180}
lso

-
-

S

1 2 3 4 5 6 7 8

Mach number, M

Figure 9.- Bending-moment aerodynamic-coefficient parameter.

A typical no-wind dynamic-pressure time history is shown in figure 10. Although
the time history exhibits no initial dynamic pressure, an initial velocity was inserted into
the simulation to overcome an indeterminant angle-of-attack condition. A velocity of

9 fps (2.7 m/s) was used.
Control system.~ Attitude and attitude-rate sensors located at stations 272 and 201,
respectively, were used with control gains of

ap = 0.501 - 0.002014t

and

a, =1.039 - 0.00449t

20
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Figure 10.- Typical no-wind dynamic-pressure time history.

in the control system. To stabilize the flexible-body motion, a simple lag filter with a
break frequency at 0.239 cps (0.239 Hz) was used in the forward loop of the autopilot. A
rigid-body control frequency of approximately 0.12 cps (0.12 Hz) with 0.35 critical
damping resulted.

In order to improve piloted response characteristics in the rate-augmented and no-
augmentation modes, the filter roll-off frequency was changed from 0.239 to 0.318 cps
(0.239 to 0.318 Hz).

The preprogramed command attitude supplied to the automatic control system
(fig. 11) produced a trajectory with a minimum angle of attack through the high dynamic-
pressure region in the absence of a wind. The attitude which resulted when the vehicle
was automatically controlled was then programed for the piloted flights.

Wind Disturbances

The wind profiles used in this investigation are shown in figure 12. Each profile is
plotted as horizontal wind velocity as a function of altitude. The winds are numbered in
order of increasing maximum velocity. Five of these winds (1, 2, 3, 4, and 6) represent
actual wind profiles measured at Wallops Island, Virginia. Wind 5 is a commonly used
synthetic wind profile from reference 7. As seen from the data in figure 12, five of the
winds have their maximum velocities at an altitude of about 35 000 ft (10 700 m). This
altitude is in the region of maximum dynamic pressure for the vehicle used in this study.
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The remaining wind (wind 4) has its maximum velocity at an altitude of about 55 000 ft

(16 800 m). However, a second wind-velocity peak on this particular profile at 35 000 ft
is only slightly lower than the peak at 55 000 ft. All six winds would be classed as rela-
tively severe for the peak velocities are within the 95 percentile category for annual winds
at Cape Kennedy (ref. 8).

"Headwinds" were considered more severe and were generally used; however, the
wind was reversed occasionally to minimize pilot learning. In addition, flights without
any wind disturbance were also scheduled. The wind condition was arbitrarily selected
for each flight,

The equation used to couple the wind into the aerodynamics is (see fig. 2)

sin (6 - «)

V V.
(a + oew) = tan‘1<—v—y>+ sin‘lv w

X, m,w

Procedure

When the pilot had familiarized himself with the simulation procedures, one of the
wind conditions, which was randomly selected and unknown to the pilot, was fed into the
computer. The pilot was informed that his task was to reduce the load and arrest the
attitude error prior to burnout. He was required to control attitude before and shortly
after negotiating pitchover. As the high load region approached, that is, when the high-
dynamic-pressure light became illuminated, the pilot was instructed to maintain low
acceleration (to minimize loads) and when the light was extinguished he was to arrest the
error and damp any motion prior to burnout. After each flight, which also required the
pilot to null continuously a roll disturbance, the pilot rated the run using a Cooper rating
schedule (ref. 9).

RESULTS AND DISCUSSION

In this study pilots controlled a large launch vehicle through its first-stage flight.
The maximum loads produced in the simulation flights by Langley test pilots were
examined in each control mode and compared with lcads produced by an autopilot-
controlled vehicle ascending through the same wind. In addition, pilot ratings were
recorded to present the pilot's evaluation of the control modes.

Piloted flights were conducted with the load-sensing accelerometer located at two
stations and a comparison of the results at both locations showed that little difference
occurred in either the load and/or the pilot rating for these two accelerometer locations.
Consequently, results from all the simulated flights are included without reference to the
accelerometer location.
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The pilots were required to arrest the motion and error of the vehicle as the flight
terminated to conform with typical flight constraints. During the simulated flights, aver-
age values for the pitch rate and pitch error of 1.1 deg/sec and 1 degree, respectively,
were recorded. Since these were low values, it was concluded that staging requirements
could be met. No further evaluation of these end conditions was performed.

Effect of Control Modes

Three piloted modes of control were used in the simulation: (1) stability augmented,
(2) rate augmented, and (3) no augmentation. The stability-augmentation mode contained
all the augmentation common to the autopilot; therefore, it was a stable configuration.
Its response was characterized by a low control frequency (0.75 = Wp =0.98 rps) with low
damping (0.29 ={p= 0.44) and a slowly converging response associated with the drift. In
the rate-augmented mode, the vehicle was slightly unstable because the attitude feedback
was absent; however, because the integration in the controller was not required, control
and handling qualities in this mode were not appreciably degenerated although increased
pilot attention was required. The no-augmentation mode contained a more unstable
oscillatory response than the rate-augmented mode and, in addition, contained a slowly
converging characteristic response. The pilots noted a marked deterioration in con-
trollability in this mode and generally reported that control was marginal. They fre-
guently relinquished the load-minimizing task to monitor attitude in order to retain
control of the vehicle.

Piloted Response and Loads

A piloted time history of a demonstrative flight without augmentation and the cor-
responding autopilot response are shown for comparison in figure 13. The time history
includes the disturbing wind (wind 1), the rigid-body attitude error, angle of attack, the
acceleration measured by the accelerometer, and the bending moment. As the flight
progressed, the attitude error shows that the pilot negotiated pitchover satisfactorily but
encountered difficulty in arresting the attitude error before the load-indicating accelera-
tion began to build up. Therefore, at this time, the pilot was required to reduce the
acceleration to an acceptable amount without regard to the increasing attitude error.
When the pilot finally did reduce the acceleration, he returned to the error-nulling task
for the duration of the first-stage flight.

Slight oscillations appearing in the acceleration and bending-moment time histories
were due to elastic-body response. Although sloshing effects are apparent in the accel-
eration time histories, they were not discernible in the load time histories, a result which

has also been reported in reference 10.
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Three Langley test pilots flew the vehicle in three control modes while encountering
one of seven wind disturbances. Figure 14 shows three typical bending-moment time
histories illustrating responses to wind 2 in each of the three control modes. In each
case the maximum bending moment occurs at the time of peak wind velocity. The
stability-augmented mode time history shows that the pilot had been supplied sufficient
augmentation to reduce the bending moment to 50 percent of the bending moment when
controlled by the autopilot. The rate-augmented-mode time history shows an effect of
deleting the attitude feedback since the bending moment under pilot control was 75 percent
of the bending moment with autopilot control. Finally, when all the augmentation is
removed, the no-augmentation- mode bending-moment time history shows that the bending
moment under autopilot control is exceeded by 10 percent.
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Figure 14.- Bending-moment comparison by pilot control modes.
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All the maximum loads developed during simulated flights are summarized in a
graphical form in figure 15. The loads have been tabulated according to the wind number;
flights without a wind disturbance are designated W0, and the winds are ranked according
to the maximum load developed during a flight under autopilot control. The results show
little difference in the load in either the stability-augmented or rate-augmented control
modes. In addition, both of these control modes resulted in significantly lower loads than
with non-load-relieving autopilot control. However, when all the augmentation was
removed, increased loads resulted. Indeed, the figure shows that many of the loads were
double those developed during control in augmented modes. The increased loads during
control in the mode without augmentation was attributed to the severity of the instability
of the control system together with the display-controller lags which delay the detection
of the effect of a pilot's control input.
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Figure 15.- Maximum bending-moment summary.
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Pilot Rating

In addition to recording the piloted response, pilot ratings, according to the Cooper
pilot rating schedule, were secured subsequent to each run. Thus, the rating included
the pilot opinion of the control mode as well as the effect of the wind. All the pilot ratings
recorded in the simulation are summarized in figure 16, according to the type of
disturbing wind. Except for a few results, the ratings of the stability-augmented and
rate~-augmented modes are shown clustered about an average 31 value. However, with-
out augmentation, the ratings jump from a barely satisfactory rating to the unsatisfactory-
unacceptable region about an average value of 6, with increased scatter. This unsatis-
factory rating may be attributed to the tendency for pilot's errors to accumulate in this
mode and, depending on the complications, various grades of performance and rating
result. In general, the effect of augmentation on the pilot ratings is shown to be similar
to the effect on load. Little effect of the wind on the pilot rating is seen in the figure.

The pilots did not rate the additional roll-control task difficult and nulled the dis-

turbance without serious effort.
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Effect of Winds

The wind profiles were considered severe by the pilots and the rapid reversal
exhibited by wind 5 was considered near the limit of the pilot's ability to follow. Because
these reversals were prevalent in all winds, large angles of attack due to wind were
developed during the flights. Since the angle of attack (or in this case, normal accelera-
tion) is a predominant load ¢omponent, it was essential to reduce it rapidly; however,
because of the inherent lag between the controller input and the resulting acceleration,
care had to be exercised to prevent large excursions when reducing loads. Typical wind-
induced angles of attack ranged to 10° (0.14 rad) compared with body angles of attack of
6° (0.1 rad).

CONCLUDING REMARKS

A simulator study of the loads induced on a launch vehicle while under pilot control
during first-stage flight has been conducted. Three control modes were used in the
study: (1) stability augmented, (2) rate augmented, and (3) no augmentation. The simu-
lated launches were disturbed by one of six arbitrarily selected wind profiles. The maxi-
mum loads developed in the vehicle during simulated flights through these winds were
compared with loads incurred by autopilot-controlled flights encountering the same winds.
A total of nearly 150 simulator flights were made with test pilots controlling the vehicle.

The pilots were able to control the vehicle in each control mode and were able to
hold the maximum load below that of a non-load-relieving autopilot in the two modes
which contained attitude-rate augmentation. Little difference in loads or handling quali-
ties was noticed in these modes; however, the pilot opinion favored the stability-
augmented mode slightly. Without augmentation, however, loads resulted which were
significantly greater than the loads developed during autopilot control. These higher
loads were caused by a combination of inherent system lags and the severity of the insta-
bility of the vehicle. When control became critical, the magnitude of the load was related
to the control difficulty which the pilot experienced during the high dynamic-pressure
flight region. In fact, because of the difficulty in this mode, pilots rated it unacceptable.
Therefore, in order to provide for pilot control of a launch vehicle without any control
augmentation, the vehicle structure would need to be strengthened or launches would have
to be restricted to periods of low wind disturbances.

Langley Research Center,

National Aeronautics and Space Administration,
Langley Station, Hampton, Va., November 9, 1965.
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APPENDIX A
TRANSFER FUNCTIONS OF SIMULATION INSTRUMENTS

The display instruments are ideally represented as the following critically damped
second-order systems. Following the transfer function, the departure from zero decibels
is given as a measure of the actual characteristics of the instruments.

All-attitude indicator:
Pitch attitude (presented by sphere) —

2
<—————101'(5) 5> , -1.4dB at w =10.5 rad/sec
s + 10.

Pitch command (presented by needle) —

2
<—2%3E§> s -3dB at w = 23.2 rad/sec
s + 23.
Roll -
8.67 \2
-'—8-6,; , -0.8dB at w =8.67 rad/sec
s + 8.

Rate meter:

Pitch accelerometer —

2
194 s -5.8 dB at w =19.4 rad/sec
s +19.4

Two-Axis-Controller Characteristics

The controller has the following characteristics about each of its two usable axes:

Pitch —~
Maximum displacement . . . . . . . .. +229 (0.384 radian)
Spring force at maximum displacement. . . 14 oz (0.397 kg)
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APPENDIX A
Roll —

Maximum displacement . . . . . .. ..

Spring force at maximum displacement. . .

+29° (0.506 radian)
18 oz (0.510 kg)
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APPENDIX B
BASIC PROPERTIES OF SIMULATED VEHICLE

The basic properties of the simulated vehicle are given in the following equations:

Vehicle mass:

m; = 186 500 - 884.4t slugs 0=t =144.45

m¢ = 58 700 - 707.5t slugs 144.45 =t £ 150.45
or

my = 2.72 x 106 - 1290t ke 0 st =144.45

my = 0.856 % 108 - 1032t kg 144.45 =t = 150.45

Vehicle center of mass:
Xcg = 89.53 + 0.1612t - 32.45 x 1074 2 + 30.60 x 1076 t3 ft

or
Xeg = 27.3 +0.04915t - 9.9 x 107412 + 9.34 x 106 3 m
Bending-mode generalized mass;:

mg = 108 200 - 416t slugs

or
mg = 1.580 x 106 - 6070t kg

where
bg=1
Bending-moment gradients:

Cp,1 = -2.24 X 106 Ib-sec2 = -9.96 x 106 N-sec?

- ~Ib-sec2
Cp, = -2097 x 106 + 2.239 x 106 x . ft-1b-sec

or

Cp, 3 = -2843 X 106 + 9.96 X 106 x, . m-N-sec?

Cp 3 =-1.387x 10% 1b-sec? = -6.17 x 108 N-sec?
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